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ABSTRACT

The Joint High Speed Sealift (JHSS) segmented model (Model 5663) tests performed in
2007 at Naval Surface Warfare Center, Carderock Division (NSWCCD) were designed to provide
a large data set for validation of numerical simulations. The segmented model had a scaled
longitudinal stiffness in bending and torsion provided by an aluminum backspline. The hull of
the model was cut into segments to lessen the stiffness effects of the shell. The model was self-
propelled and steered during data collection. Preliminary validation work performed soon after
the experiments with LAMP (Large Amplitude Motions Program) and Numerical Flow Analysis
(NFA) showed favorable results. Additionally, the segmented model provided structural loading
results that were used to understand hydroelastic phenomena such as springing and whipping. A
study of the irregular seas cases showed that springing does not have a large effect on the JHSS
model. The whipping response was explored for regular seas runs, with some cases showing
significant loads on the ship. Efforts to understand and predict the whipping response fared
poorly, indicating that this complex phenomenon requires additional study and more complex
simulation tools.
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INTRODUCTION

The JHSS model, NSWCCD Model 5663, is a segmented structural model that was built and
tested in 2007 in the Maneuvering and Seakeeping Basin (MASK) at NSWCCD in West
Bethesda, MD. A segmented structural model is a ship model that has scaled longitudinal
bending and torsional stiffness. The scaled stiffness is obtained by building a backspline into the
model that accounts for the bending stiffness and segmenting it to isolate the stiffness to the
backspline. An alternate way to obtain structural loads would be to build a model with scaled
plates and stiffeners; however, this would be very difficult and expensive to build. The
backspline allows the stiffness to be scaled properly while using reasonable materials and simple
construction.

The purpose of the JHSS Structural Seakeeping Loads tests was to provide an expansive data
set of structural loads for validation of numerical tools. The test matrix spans a wide set of wave
conditions, including regular and irregular seas, heading angles and speeds, with Froude numbers
ranging from 0 to 0.43. This test matrix, which includes about 2000 runs, allows for validation of
codes from still water through operational conditions and extreme load conditions.

The data analysis performed for the JHSS model experiments has not been extensive to date.
Different aspects of the data have been studied, but much is left to be considered. One aspect of
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the model tests that has not previously been considered in detail is the hydroelastic response of
the vessel. A segmented model provides a valuable means of studying hydroelastic response.
The determination of the vibrational characteristics of the model is important for this study, and
the main phenomena of interest are springing and whipping.

JHSS SEGMENTED MONOHULL MODEL (MODEL 5663)

The JHSS segmented monohull model has a length between perpendiculars (LBP) of 20
feet and is 1:47.5255-scale to the full scale ship. More model characteristics are shown in Table
1, and further details can be found in the quick-look report by Devine, et. al., [1]. The segmented
model uses an aluminum back spline spanning station 2 to station 18 that scales the structural
properties of the full scale ship for vertical and lateral primary bending and torsion. The back
spline is outfitted with strain gauges at the breaks between segments to gather structural load data.
The shell of the model is split at stations 4, 7, 10, 13, and 16, as shown in Figure 1. The shell
segments are connected with 0.006 inch thick sheet latex and sealed with silicone to minimize
transmission of forces along the cuts.

Table 1. JHSS Model 5663 characteristics.
Model Property 1:47.5255 Scale Value

LOA 260.04 in.
LBP 240. 00 in.
Binax 26.496 in.
Dinia 19.392 in.
TDWL 7.091 in.
Displacement 711.4 Ibs.
k,, (pitch) 60.15 in.
Segment bulkhead
attachment webs Structural Backspline

el £ [T MRSt (08 o T s

=1 4t 1t
= e e b

FP Stad Sta7 Sta 10 Sta 13 Sta 16 /
Sta0 _ ) X Sta 20
48 inches 84 inches 120 inches 156 inches 192 inches / .
aft of FP aft of FP aft of FP aft of FP aft of FP / 240inches
/ aft of FP
Shafts, struts, —

props and rudders

Figure 1. JHSS segmented model (Model 5663) structural layout.

2 NSWCCD-50-TR-2012/043




The back spline is attached to the hull segments by bulkheads four inches on either side
of the cuts in the shell. The bulkheads are epoxy bonded to the shell and then the back spline is
bolted to the bulkheads via flexible tabs on the bulkheads and brackets attached to the back
spline. Figure 2 shows the back spline with its brackets and the attachment of the back spline to a
pair of bulkheads.

Bulkhead brackets

Top Flange

Sta 2
Side Webs (2) e ont
Sta 13 Sta 10

Midships

Sta 18 % Bottom Flange

Aftend

Hull segment cut locations (and beam strain gage
locations) at Stations 4, 7, 10, 13, and 16

Backspline brackets bolted
to flexible hull bulkhead tabs
at each end of hult segment

Figure 2. Back spline attachment details.

Secondary loads on the hull are measured using pressure sensors and “slam grillages”.
The slam grillages consist of arrays of PVC panels outfitted with strain gauges. The panels
model the stiffness of the full scale ship shell plating and record the average pressure over each
panel during the tests. Two 3x3 arrays are placed on the port side of the hull in Segment 1 to
measure wave impacts on the bow. Four more arrays — 2x2 on the starboard side and 4x4 on the
port side — are placed on the front of the nominal deckhouse and on the deck directly in front of
the deckhouse. The placement is shown in Figure 3. Additionally, four single slam panels are
also placed on the hull near the waterline in Segments 2 and 3.

The model is self-propelled by a 3.1 hp electric motor attached to the top of the back
spline between stations 10 and 13 (in Segment 4). The motor simultaneously drives four
propellers to propel the model, as seen in Figure 4. The drive shafts and gear boxes are mounted
in such a way as to minimize vibration and bending moments in the beam transmitted from the
drive shafts. The model is steered by two rudders controlled by an operator on the carriage.

NSWCCD-50-TR-2012/043 3




Figure 4. View of propellers and rudders.
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JHSS MODEL 5663 SEAKEEPING LOADS TESTS

Seakeeping loads tests on the JHSS Model 5663 were performed in July and August of
2007 in the Maneuvering and Seakeeping (MASK) Basin at NSWCCD, West Bethesda.
Approximately 2000 individual test runs were performed spanning a large test matrix, shown in

Table 2. Data was collected on 118 channels at three different sampling rates. During
testing, 43 channels were sampled at 200 Hz, including structural loads (bending moment,
torsion, and shear force), motions sensors, wave probes, and propulsion sensors. The slam
grillages provided data on 62 channels at 15 kHz and the 13 pressures sensors were sampled at 40
kHz. High sampling rates were used to capture fast, transient events such as wave impact.

In addition to the raw data collected, four video cameras captured the test runs at 30
frames per second. The four cameras were placed at the port stern, port bow, forward of the bow,
and on the deckhouse. The video allows for insight into the nature of the runs years later that the
data alone cannot give. Example frames from Camera 2 (Port Bow) for run 478 (15 knots, 1/15
regular waves, head seas) are show in Figure 5 and Figure 6. For the seakeeping runs, both with
regular and irregular waves, the wave makers were started while the model was stationary. The
model was accelerated by the carriage via bow and stern tow lines to get it up to speed. The
propulsion motors were then activated and the data acquisition equipment started. The model
was self-propelled and steered while all data was collected.

o ——

Figure 5. Run 478 bow impact event and extreme sagging moment.
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Figure 6. Run 478 deck house impact and extreme hogging moment.
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Table 2. JHSS seakeeping loads test matrix.
Irregular Waves
Speed Sea State5 Sea State 6 Sea State 7 Saa State 8 Hurricane
(knots) (SS5) (SS6) (SS7) (SS8) Camlile
0 180° 180°, 270° 180°, 270° 180°
5 180°
15 180°, 210°,225°, | 180° 225°,270°, | 186°, 225°, 270° | 180°,210° 225° | 180° 210°, 225°,
270°, 315°, 0° 315°, 0° 315°%,0° 270°, 315°,0° 270°, 315°, 0°
25 180°, 210°, 225°, | 180°, 225°, 270° | 180°, 210°, 225°, | 180°, 210°, 225°,
270°, 315°, 0° 315°, 0° 270°, 315°, 0° 270°, 315°, 0°
35 180°, 210°, 225°, | 180°, 210°, 225°, | 180°, 210°, 225°, | 180°, 225°, 270°
270°, 315°, 0° 270°, 315°, 0° 270°, 315°, 0°
45 180°, 210°, 225°, | 180°, 210°, 225°, | 180°, 210°, 225°, | 180°, 225°, 270°
270°, 315°, 0° 270°, 315°, 0° 276°, 315°, 0°
Regular Waves
Notes:
Wave Speed
slopa | (knots) | 180° Haading | 210° Heading 1. Regarding headings:
180° is haad saas, 210° Is bow saas, 225° Is bow quartaring saas,
1550 13 X X 270° is baam saas, 315° is stern quartering saas, and
;: X X 0° Is following saas
45 : : 2. For each combination of heading, speed, soa state and wave type,
targat was minimum cumulativa 30 minutas full scala (261 seconds
130 15 X X model.scale) or 20 runs.
25 x x
35 x x 3. Runs were rejected dua to towlina tugs or poor model stearing control.
115 5 x 4. In addition, roll decay and calm water spead tests were conducted at
15 x speeds of 0, 5, 15, 25, 35, and 45 knots.
5. Approximataly 2000 total test runs were completed.
NUMERICAL SIMULATION COMPARISON
LAMP-2

of numerical simulations.

The main purpose of the JHSS Segmented Model Tests was to provide data for validation
The Large Amplitude Motion Program (LAMP) for non-linear

seakeeping was the first simulation to be compared to the experimental data. The validation
between LAMP and the experiments was performed by Code 654 using the motions and
structural force data. The version of LAMP used was LAMP-2, which uses approximate body
non-linear theory. Figure 7 through Figure 10 show the comparison of the LAMP predictions
with model measurements. The comparisons are good; however, LAMP-2 tends to under-predict
the vertical bending moment.

NSWCCD-50-TR-2012/043




Sea State 7 - 25kts - Head Seas
Run 212

~—Model (gyro)
¢e{ —LAMP-2

time (s, full-scale)

Figure 7. Pitch angle comparison of LAMP-2 simulation with model measurements for SS7 head
seas at 25 knots [2].

Sea State 7 - 25kts - Head Seas
Run 212 - Vertical Bending Moment at Station 10

4. 0E+05
r — Mode!
—LAMP-2

(]
$
2
g
F -
o
|
i
> _40E+05

BO0E+0S L—mooio o — — i _ 1

time (s, full-scale)

Figure 8. Vertical bending moment comparison of LAMP-2 simulation with model measurements
for SS7 head seas at 25 knots [2].
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Sea State 8 - 45kts - Head Seas
Run 430

— Model (gyro)
8- — LAMP-2

Pitch (deg)

-8 L —— — —— —_—— —

time (s, full-scale)

Figure 9. Pitch angle comparison of LAMP-2 simulation with model measurements for SS8 head
seas at 45 knots {2].

Sea State 8 - 45kts - Head Seas
Run 430 - Vertical Bending Moment at Station 10

4.0E+05 T . Mode‘

—— LAMP-2

2.0E+05

e 57 A Lk A
2oev0s || ¥ — / “f ‘ \, \’

Vertical Bending Moment (+ = hog) [tonne-m]
| —————a
—
—
5\

s
2
2

-8.0E+05
time (s, full-scale)

Figure 10. Bending moment comparison of LAMP-2 simulation with model measurements for
SS8 head seas at 45 knots [2].
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NFA

Simulations also were performed using SAIC’s computational fluid dynamics (CFD) tool
Numerical Flow Analysis (NFA). NFA approximates a solution to the Navier-Stokes equations
utilizing a cut-cell, Cartesian-grid formulation with interface-capturing to model the unsteady
flow of air and water around moving bodies. The interface-capturing of the free surface uses a
second-order accurate, volume-of-fluid technique. The cut-cell method is used to enforce free-slip
boundary conditions on the body. NFA uses an implicit subgrid-scale model that is built into the
treatment of the convective terms in the momentum equations [3]. A panelized surface
representation of the ship hull (body) is all that is required as input in terms of body geometry.
The numerical scheme is implemented on parallel computers using Fortran 90 and Message
Passing Interface (MP1). The interested reader is referred to [4], [5], and [6] for a detailed
description of the numerical algorithm and of its implementation on distributed memory High
Performance Computing (HPC) platforms.

The numerical simulations are normalized by the model ship length (L = 240.0 inches)
and the ship speed (U =4.78 kts), corresponding to a Froude Number, of Fr =U/\/(gL) =0.31,
which corresponds to a full-scale speed of 30 knots. 1t is noted that in the simulations in which
the model is free to move, no roll stabilization mechanisms, such as bilge keels are present. In all
the simulations, the bow of the ship is fixed at x=0 and the flow is from positive x. Inflow and
outflow boundary conditions are used in the stream-wise direction, and free-slip conditions are
used in the cross-stream and vertical directions. The inflow condition is either a free-stream
current or waves based on second order Stokes wave theory.

The extents of the computational domain in the stream-wise (x), span-wise (y), and cross-
tream (z) directions are respectively [1.SL, 4L], [-2L, 2L], and [-1.25L, 0.75L]. Three
computational domains and time steps are employed and are herein referred to as coarse (c)
medium (m), and fine (f). The number of gridpoints [nx, ny, nz] are [512, 256, 128]°, [1024, 512,
256]", and [2048, 1024, 512]f. The time steps for the coarse, medium, and fine simulations are
respectively At=0.002, 0.001, and 0.0005. The grid points are distributed in 128x64x64 blocks
over 32 and 256 cores for the coarse and medium simulations, respectively. In the fine simulation,
the grid points are distributed in 128x128x64 blocks over 1024 cores. The grid is stretched with
nearly uniform spacing around the ship where the grid spacing is 0.008L°, 0.004L™, 0.002L". The
maximum grid spacing far away from the ship along the Cartesian axes is [0.028L, 0.073L,
0.112LJ, [0.014L, 0.037L, 0.056L]", [0.006L,0.018L, 0.028L]".

All simulations have been run on the Craye (Cray Inc.) XT4 at the U.S. Army
Engineering Research and Development Center (ERDC). The coarse simulations require one hour
per boat length. The medium simulations require 2.2 hours per boat length. The fine simulations
require nine hours per boat length. The forces and moments are output every two iterations for all
cases. This data output rate corresponds to a dimensional sampling frequency of 200Hz, 400Hz,
and 800Hz for the coarse, medium and fine grids, respectively.

Static Stability

The results of a hydrostatic stability analysis of the JHSS model are presented to provide
a baseline to which the stability at forward speed and in waves can be compared. Figure 11 shows
the cross-section of the JHSS model at mid-ship, the water static water line (horizontal blue line),
with the positions of the center of gravity (G), center of buoyancy (B), keel depth (K), and meta-
centric height (M), drawn to scale. The meta-centric height, M, is calculated as:

GM = KB + BM - KG 1)

Based on linear theory BM may be estimated as:
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S )
BM = v

where I, = moment of inertia of the waterplane area
and V = volume of water displaced by the boat.

The center of buoyancy, B, and the moment of inertia of the water plane, I,,, are computed by
slicing the panelized geometry into thin strips in z and computing the appropriate contour
integrals for the moments of inertia and area. These quantities are computed to check the static
righting curve, as the total righting moment about the x-axis and displacement are directly output
from NFA. Hence the righting arm can be directly calculated as:

 Rn 3
GZ = 2

where R,, = total moment about the x axis
and A = displacement

Figure 11. The cross-section of the JHSS model at midship with the hydrostatic waterline
(horizontal blue line). Also shown are the positions of the center of gravity, G, center of buoyancy,
B, keel depth, K, and meta-centric height, M.

The hydrostatic righting arm curve in Figure 12 is created by rolling the model in small
angular increments and then iteratively sinking and trimming the rotated model until it is in
hydrostatic equilibrium. This hydrostatically balanced, rotated, sunk and trimmed model is used
as the input for the steady forward speed and head seas studies. Figure 12 shows the hydrostatic
stability curves and the approximations GM¢ and GMsiné. The results are shown for various
vertical centers of gravity (VCG), as the 4DOF simulation uses a more unstable VCG position.
All other simulations use VCG=0, i.e., at the static water line.
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Figure 12. Righting arm as a function of heel angle. Also shown in red are the changes with
respect to the position of the vertical center of gravity (VCG).

Effect of Steady Forward Speed

The effect of steady forward speed on the righting arm is considered for a heel angle of
30°. Figure 13 serves a dual purpose; the first is to illustrate that the solution converges as the
grid is refined, and the second is to show the correction to the righting moment that occurs when
the unsteady two-phase flow around the hull is included. The coarse (black), medium (red), and
fine (blue) results are shown in addition to the hydrostatic righting arm (dashed black line).
Between T=0 and T=2, the flow is accelerated from rest to the free-stream value. After the initial
transient, the righting arm increases to 0.01266L, a 1.6% gain over the hydrostatic value.
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Figure 13. The effect of steady forward speed on the righting arm at 30° heel. The grid
resolutions and time steps corresponding to coarse, medium, and fine results are given in the
Numerical Approach section.

Stability in Waves

All simulations that are discussed hereafter are in waves. The wavelength, A , is equal to
the ship length (A =L), and the amplitude, a, of the waves is a=0.015L. The waves are specified
over a region of 0.5L at the front of the domain based on second-order Stokes wave theory [7].
The waves then travel towards the ship where the full interaction of the ship and waves is
simulated. The NFA results include the effects of wave radiation and diffraction. To quantify the
effects of wave radiation and diffraction, a simulation of the waves with no body is performed
and the resulting pressure field is used to calculate the Froude-Krylov force on the body. The
results of an NFA simulation of the JHSS monohull at a fixed heel angle of 30° in waves with
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A =L and a = 0.015L at the medium grid resolution are shown in Figure 14, Figure 15, and Figure
16. Figure 14 compares the hydrostatic righting arm calculated based on the Froude-Krylov force

to the righting arm from NFA. In the subsequent discussion, the wave phase, 0 , is as follows:
zero phase is defined as the phase when the crest of the wave is at the bow. Comparing the
positive and negative changes to the righting arm in Figure 14, the Froude-Krylov prediction is in
better agreement for gains to the righting arm (8 =0°-30°,180°-360°), albeit with a phase-lead.
Losses to the righting arm are over-predicted. The maximum over-prediction is 7% and occurs at
6 =130°. Figure 15 shows the waves when (a) the maximum loss in righting arm occurs, (b) the
righting arm is equal to the hydrostatic righting arm, and (c¢) the maximum gain in righting arm.
Figure 16 shows the stacked data from six full wave periods (open circles) plotted along with the
average over all six wave periods (solid black line). The six wave periods were all after T=2 when
fully developed waves were along the entire length of the boat. The phase average is in good
agreement with the instantaneous values.

The results of NFA simulations at heel angles of 10°, 20°, 30°, 40°, 50°, and 60° with the
same waves and at the medium grid resolution are used to construct figures similar to Figure 16.
These plots are used to construct Figure 17, which shows the change in righting arm as a function
of heel angle, for lines of constant wave phase. The maximum righting arm lost, -10%, occurs at a
heel angle of 60° and phase angle of 120°. The maximum righting arm gained, +10%, occurs at a
heel angle of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>